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ABSTRACT

Errors in operational forecasts produced by high-speed electronic computers can be classed broadly into two
categories: (1) those resulting from inadequacies of the dynamic model, and (2) those resulting from poor specifi-
cation of the initial fields. Many regions of the Northern Hemisphere, particularly oceanic areas, are poorly observed
in terms of conventional meteorological data, especially upper-air data. The SINAP (Satellite Input to Numerical
Analysis and Prediction) Project at the Weather Bureau’s Meteorological Satellite Laboratory has been working
to develop techniques for incorporating information derived from satellite cloud pictures into the operational numerical
analysis in data-sparse areas.

Trial reanalyses of the National Meteorological Center (NMC) 500-mb. stream function analysis, or its Lap-
lacian, were performed for data-sparse areas of the central and eastern Pacific Ocean using an analysis modification
technique consisting of two steps: (1) inferring features of the flow pattern or of the field of large-scale vertical motion
from an interpretation of the TIROS-viewed cloud patterns, and (2) modifying the 500-mb. analyses to produce an
appropriate vorticity advection field. Underlying this method are certain simplifying assumptions about the re-
lation of the cloud field to the vertical motion field on the one hand, and of the vertical motion to the vorticity advec-
tion on the other.

Application of the method and the results obtained are illustrated for one cagse. Thirty-six-hr. barotropic fore-
casts were run from both the original NMC analysis and the SINAP modified analysis and then compared with the
verifying chart. Verification statistics, such as the root mean square (RMS) error of the stream values and of the
vector geostrophic wind, are presented for the case illustrated and for five additional cases. Significant reductions
in forecast error were achieved in most cases, the overall average reduction in the RMS error of the wind being 5.4
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percent.

1. INTRODUCTION

The TTROS satellite system has provided meteorologists
with one of the most intriguing tools for cloud observations
yet invented. Since April 1, 1960, over 360,000 usable
pictures have been taken by TIROS cameras, and much
information has been gleaned from careful studies of
cloud formations and placements in association with
analyses of other types of meteorological data. The
meteorological literature has been enriched by contribu-
tions of investigators who have employed the photographs
to examine cloud forms and patterns in considerable detail.
In spite of these studies relatively little operational use
has yet been made of satellite weather data, although
this may be due in part to the circumstance that the
TIROS satellites are not operational but research and
developmental in nature, and that the geographic coverage
provided by them has been restricted and somewhat irreg-
ular. In particular there has been little research into the
objective use of satellite photographs as input data for
numerical experiments using high-speed electronic com-
puters.

A paper by Bristor and Ruzecki [1] outlines a method of
using the photographs as numerical input for atmospheric
flow prediction models. Miller [8] presents another
method of using TTROS photographs subjectively to deter-

mine the 500-mb. flow patterns in mid-latitudes and then
introduces the flow directions into a numerical analysis
computer program. But it is clear that much work re-
mains in the area of deriving objective, quantitative in-
formation from satellite cloud ‘photographs. For this
purpose, Project SINAP (Satellite Input to Numerical
Analysis and Prediction) was initiated at the Meteorologi-
cal Satellite Laboratory (MSL) in October 1963. The
basic goal of Project SINAP is to develop the use of
satellite data in data-sparse regions. Improvements in
numerical forecasting can be achieved in at least two ways:
improved numerical models can be developed, or a more
accurate analysis of the initial state of the atmosphere can
be made. Project SINAP has concerned itself with the
latter possibility. Following the general method devel-
oped by Ruzecki [10], a series of 500-mb. stream function
fields were reanalyzed on the basis of satellite pictures in
four synoptic situations. To test the usefulness of these
reanalyses 36-hr. forecasts were run on both the SINAP
and the National Meteorological Center (NMC) numeri-
cal analyses and compared.

The purpose of this paper is to describe the reanalysis
technique and to discuss in some detail one of the case
studies completed in Project SINAP. Statistical verifi-
cations for this and five additional cases are included in
the discussion.
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2. BASIS FOR REANALYSIS

There are two basic steps in the reanalysis procedure
developed by the SINAP group: (1) infer information
about the 500-mb. flow pattern, or about the large-scale,
mid-tropospheric vertical motion, from cloud patterns
photographed by the satellite; (2) translate this informa-
tion into terms that enable one to modify the initial 500-
mb. analysis where there appears to be an inconsistency
between the flow pattern and the cloud pattern. The
first of these steps draws upon our limited knowledge re-
lating satellite-viewed cloud patterns to the wind and
weather systems analyzed on surface and upper-air charts.
Widger [13] has synthesized the results of a number of
studies relating to the extratropical vortex patterns seen
by TIROS. When his models are combined with long-
established synoptic models of surface frontal cyclones and
their associated upper-air systems, it is often possible to
diagnose the general configuration of the 500-mb. flow or
to infer the nature of the large-scale vertical motion field.
The results of other studies of the meteorological interpre-
tation of synoptic-scale cloud patterns seen in satellite
pictures [2, 4, 7, 9] or of the inference of wind information
from the cloud appearance [6] have also proven useful in
accomplishing the first stage of the SINAP reanalysis.

Step two in the SINAP reanalysis procedure entails
modification of the 500-mb. field(s). Some of the adjust-
ments are relatively simple and direct, e.g., the intro-
duction or repositioning of a circulation center, or the
altering of the direction of the flow in a region, or the
relocation of the axis of maximum wind. The connection
between the satellite-inferred areas of large-scale vertical
motion and the 500-mb. flow is more complicated, however,
and requires some elaboration.

It is well known that areas of upward (downward)
motion in the middle and upper troposphere are associated
with areas of strong positive (negative) vorticity advection
at these levels. The ‘“omega equation” (see Appendix)
relates the vertical motion field to the vertical variation of
vorticity advection and the Laplacian of the thickness
advection. The usual relationship between a sea level
cyclone and its associated 500-mb. trough is such that both
vorticity advection and thickness advection make their
maximum contribution to the vertical motion in nearly the
same sectors of the cyeclone [12]. Cyclonic vorticity
advection increases upward through the middle and upper
troposphere in the pre-trough region to produce ascent over
and northeast of the surface cyclone center. The Lapla-
cian of the thickness advection also contributes to ascent in
the eastern or northeastern sectors of the cyclone where warm
advection attains its maximum. Similarly, anticyclonic
vorticity advection in the post-trough region and the
maximum cold advection found in the western or south-
western sector of the cyclone contribute to descent in these
sectors. The general influence, therefore, of the thickness
advection term, over and above that of the vorticity
advection term, is to increase the magnitude of both the
ascent and the descent, and to spread the ascent north-

MONTHLY WEATHER REVIEW

Vol. 93, No. 7

eastward and the descent southeastward. For simplicity’s
sake, therefore, and also because a barotropic forecast
model was used in these experiments, all the ascent inferred
from the cloud patterns was attributed to the effects of
vorticity advection only.

The flow patterns at 500 mb. may be given in terms of
a stream function, ¢, defined such that the (non-divergent)
wind is given by

u=—fdy, =040
The stream function field may be derived from the

topography of the isobaric surface by means of the so-
called “balance-equation” [3]:

SV - V—2[(0%/0zdy)* — (0%/02") (%/dy") | =gV°z
where =2 sin ¢, the Coriolis parameter.

The balance equation provides a means of determining
the wind from the height field z without employing the
geostrophic assumption, but its solution requires the use
of relaxation methods. Computer programs written by
the MSL and by the NMC are used to obtain from the
history data tapes print-outs of not only the stream

funetion ¥ field, but also of the finite-difference Laplacian

‘172:7/ and Jacobian | [:2, Vzn;/] fields, where y= (g/fo)i, Vi=
(m/d)?*¥%, and J=(m/2d)?]). The relative vorticity and vor-
ticity advection are then written, respectively, as follows:
vz __7"'_29 2}
§=Viy= 2%, iy
and

V- Vo=, V)= 1 1, )

where f; is f at $=45° N., d is the NWP grid distance of
381 km. at ¢=60° N., and m=(1+sin 60°) (1+sin ¢)7},
the map factor.

3. CASE SELECTION AND REANALYSIS PROCEDURE

Since our objective is the improvement of 500-mb.
initial analyses in data-sparse areas, the following
procedure of case selection has been used. The error
charts (forecast minus verifying) are examined for forecast
errors of more than 150 m. located in the eastern Pacific
area. The system associated with the error is located ; and
if 36 hr. earlier it was situated in a data-sparse region,
the TIROS coverage maps are examined. If the satellite
pictures cover the error source region, then the synoptic
situation is examined further to determine the need for
reanalysis in the light of the satellite data. When all
criteria are met a case study is undertaken. As discrep-
ancies between the NMC flow pattern analyzed in a
sparse data area and a cloud system viewed by the satellite
are noted during a current-weather map discussion,
possible reanalyses are then discussed, or actually per-
formed, on an essentially ‘‘real-time’’ basis.!

1 Such was the circumstance in tl;e April 1964 case presented in the next section. The
initial stream reanalysis was based on an operational nephanalysis and a relatively poor
photo-facsimile print of a single frame. The computational part, including the forecast,

was accomplished some days later. A second reanalysis was performed some months
later when high-quality prints from archival film were available.
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Six trial reanalyses, based upon four synoptic situations,
were completed in Project SINAP during the first year.
In one case more than one geographical area was reanaly-
zed and the results were compiled separately. In an-
other case two separate reanalyses were made of the
same situation by two meteorologists, and these results
are shown as separate studies. In all instances the area
of reanalysis was located over data-sparse regions of the
Pacific Ocean.

The data source was the NMC archival history data
tapes. These tapes contain the following information:
the first guess field, raw teletypewriter data that have been
sorted and checked by a computer program, height and
temperature analyses for levels from 1000 mb. to 100 mb.,
and 500-mb. forecasts out to 48 hr. The vertical velocity
field at 650 mb. and the 500-mb. stream function and
isotach analyses are also available from the tape. Any of
these fields, and derivative fields such as finite difference
Laplacians and Jacobians, can be printed-out and used
as diagnostic tools with the TIROS cloud photographs
and nephanalyses.

When a synoptic situation is reanalyzed either the stream
function field or its derivative, the Laplacian field, is
altered. The area altered takes the form of a rectangular
subset of the NWP grid consisting of 100 or more grid
points. If the stream field is modified, the altered part
is melded into the original NMC analysis in the surroind-
ing area. Laplacian and Jacobian fields are then derived
and examined to see if the desired vorticity and vorticity
advection patterns have resulted from the modification.
If some further adjustments are deemed necessary, the
process can be repeated; or alternatively the Laplacians
within the reanalysis area can be modified. Once the
altered part of the Laplacian field has been melded into
the initial NMC Laplacian field neighboring it, relaxation
yields the new SINAP stream field, and a SINAP Jacobian
field can then be derived. Certain restraints are neces-
sary in the application of these reanalysis procedures.
One must take care not to violate any existing upper-air
data within or near the borders of the reanalysis area.
In using the alternate approach of modifying & portion
of the Laplacian field, it is necessary to keep unchanged the
average (algebraic) value of the Laplacian within the re-
analysis area. Should there be a net gain (loss) of vor-
ticity within this region, relaxation will result in a stream
field in which the stream values have been lowered
(raised) over the entire hemispheric grid. Experience
has indicated that most imbalances resulting from the
initial reanalysis can be removed by very minor adjust-
ments (one unit or two) at numerous grid points spread
over the entire reanalysis area or near the boundaries.

When the final reanalysis has been arrived at, a 36-hr.
numerical forecast is run. The forecast model used in
SINAP is the one-level barotropic model developed by
NMC. This model was chosen because of its simplicity—
500 mb. is the only input level—and because input is
readily available with no requirement for data preprocess-
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ing or change of format. A 36-hr. forecast is run from
the original NMC numerical analysis also.

The various ways in which the NMC and SINAP fore-
casts are compared with the verifying analysis and with
each other in order to evaluate the consequences of the
SINAP modifications are presented and discussed in the
next two sections in connection with an actual trial re-
analysis.

4. CASE OF APRIL 7, 1964

On April 6, 1964, at about 1835 gmT the cameras of
TIROS VII photographed a spiral-like cloud system
near 38° N., 151° W. (see mosaic of fig. 1 and the neph-
analysis of fig. 2). The nearest rawinsonde stations
are in the Hawaiian Islands and the weather ships at
30° N., 140° W. and 50° N., 145° W. (see fig. 3). A
weak, open wave was analyzed near 39° N., 148° W. on
the 0000 gmT, sea level chart (not reproduced), and only
the weakest indication of a short-wave trough was ana-
lyzed in this vicinity on the 500-mb. chart (fig. 3). The
left half of figure 4 gives the Laplacian field derived from
the NMC stream field, and it is evident that there is
no cyclonic vorticity analyzed in the vicinity of the
spiral. The NMC Jacobian field (fig. 5) likewise shows
no cyclonic vorticity advection associated with this
storm system.

The first trial reanalysis, noted in the previous section
as having been done on a real-time basis, consisted of
altering the stream function values at grid points in the
neighborhood of the spiral. The flow pattern was
changed so as to produce a cyclonic vorticity maximum
there, and to produce a positive vorticity advection maxi-
mum in the region northeast of the vortex where the
thick, multi-layer stratiform cloud was interpreted to
exist (see figs. 1 and 2). A second reanalysis, at a much
later time, was performed by altering the Laplacian
field. Although there were minor differences in the
flow patterns of the two reanalyses, the resulting 36-hr.
barotropic forecasts were nearly identical, and only the
charts for the second trial are given here. The right
side of figure 4 gives the SINAP Laplacian field, and the
right side of figure 5 gives the SINAP Jacobian field.
Note that a cyclonic vorticity maximum has been intro-
duced near and just south of the spiral center (the position
of which has been adjusted to allow for the time diff-
erence between the TIROS pictures and map time).
This in turn has introduced an area of cyclonic vorticity
advection to the northeast of the spiral where the strongest
vertical motion was inferred from the appearance of the
clouds. Relaxation of the adjusted Laplacian field yielded
the SINAP stream field shown by the dashed lines in
figure 3.

The most difficult step is probably that of deciding just
how much to change the vorticity, and thereby the
vorticity advection, in a given case. This particular
cloud ‘spiral has the appearance of one associated with a
young occlusion [4], and the area of thick, or multi-layer,
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TIROS VII 4323 R/O 4322
APRIL 6, 1964 1835 GMT

stratiform cloud is fairly small. An elongated area of
relatively weak positive vorticity advection was depicted
in the region of the weak-appearing frontal cloud zone
extending southwestward from the eastern periphery of
the spiral. Negative vorticity advection appears, how-
ever, in the area of stratocumuliform cloud southwest and
west of the spiral center.

The question of whether or not modifications introduced
on the basis of satellite information significantly ‘“improve”
the analysis is a formidable one. One recourse is to run
numerical forecasts from both the NMC and SINAP
initial stream fields and compare the results with the
verifying NMC analysis. It would be preferable to have
the verifications centered in a dense-dats area, but this
frequently is not possible, so there may be some question
as to the accuracy of the verifying analysis. Excluding
such influences as diabatic effects, which are not included
in either prediction model, errors in baroclinic forecasts are
due largely to poor specification of the initial state, whereas
errors in barotropic forecasts may be due to either this
or baroclinic effects, or both. In the SINAP experiments
error charts derived from NMC barotropic and baroclinic
forecasts were compared, and only those cases in which the
baroclinic forecast errors were also large were included in
the trials. It would seem to follow, in any case, that
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F1GUrRE 1.—Mosaic of photographs taken by TIROS
VII, orbital pass 4322, 1835 eMT April 6, 1964.
Cloud spiral is centered near 38°N., 151°W.

better specification of the initial state should lead to better
baroclinic forecasts as well as to better barotropic ones.

In the April 1964 case it is evident that the NMC
forecast (fig. 6) fails to show the trough system to the
southeast of the major low center in the Aleutians, whereas
this feature is depicted in the SINAP forecast (fig. 7),
albeit not perfectly. Further comparison of the two
forecasts is afforded by the error fields shown in figures
6 and 7, where it is seen that the maximum error in the
SINAP forecast is about half that in the NMC forecast.
Another type of chart, designated the Forecast Improve-
ment Chart (F.I. Chart), is readily obtained by having
the following computed and printed-out at each grid
point:

F.L.=|]NMC FCST.—VERIF.|—|SINAP FCST.—VERIF|

Positive ¥.I. values signify improvement of the forecast
by the SINAP reanalysis, whereas negative ones mean
impairment. Figure 8 presents the F.I. Chart for the
April 1964 case. The improvement maximum of about
190 m. is directly associated with the vorticity maximum
introduced in the analysis southwest of there 36 hr.
earlier. Other lesser areas, some of improvement and
some of impairment, are not so easily accounted for, but
most result apparently from changes in the analysis that
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Ficure 2.—Nephanalysis constructed for portions of the areas
viewed by TIROS VII, passes 4321 (1654 eMT) and 4322 (1835
emT) on April 6, 1964. This type of nephanalysis puts the
major emphasis on those aspects of the cloud patterns most
useful in SINAP reanalyses.

occur near the boundary of the reanalysis area where the
new analysis is melded with the old.

5. VERIFICATION STATISTICS

In addition to the verification charts described above,
a number of statistics were computed also. Root mean
square (RMS) errors and correlation coefficients were
calculated from the NMC and SINAP barotrophic fore-
casts for the following fields: stream function, vector
geostrophic wind, stream Laplacian, and stream Jacobian.
Table 1 presents a comparison of the RMS errors of the

@  Regular Radiosonde Stations
A Radiosonde only {No Winds)
MSG Missing Data

e NMC ANALYSIS
SINAP ANALYSIS

5
35° 581 000 GMT APRIL 7, 1964

Ficure 3.—Comparison of NMC numerical analysis (solid lines)
and the SINAP reanalysis (dashed lines) at the 500-mb. level,
0000 amT April 7, 1964. Stream function ¢ isopleths are labeled
in tens of meters. Heavy broken lines enclose that portion of
the area viewed by TIROS VII on pass 4322
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+ Cyclonic Vorticity
- Anticyclonic Vorticity

500 mb. LAPLACIAN
NMC 0000 GMT APRIL 7, 1964 SINAP

FiGure 4.—Comparison of NMC and SINAP finite-difference Laplacian V2 fields corresponding to the stream function fields shown in
figure 3. The isopleths are labeled such that positive values correspond to cyclonic vorticity and negative to anticyclonic, but they
do not contain the factor m2a/d?f. and thus are in units of meters.

+ Cyclonic Vorticity Advection
- Anticyclonic Vorticity Advection

0 150° 500-mb. JACOBIAN
NMC 0000 GMT APRIL 7, 1964 SINAP

Ficure 5.—Comparison of NMC and SINAP finite-difference Jacobian § [¢, V2y] fields corresponding to the stream function fields shown
in figure 3. The isopleths are labeled such that positive values correspond to eyclonic vorticity advection and negative to anticyclonic,
but they do not contain the factor m*g2/4d*fy? and thus are in units of 102 m?2.

TaBLe 1.—Root mean square (RMS) error comparisons first two of these fields for the six cases individually ? and
Stream function (m) | Vector geostrophic wind 10T the average of all cases. For. simplicity a rectangular
(kt.) array consisting of 546 grid points, an area somewhat
Case :
Percent Percent  18rger than thgt aﬁ_ected by t:he analysis changes, was
NMC SINAP improve-| NMC SINAP improve:  yged as the verification subset in all cases.
In view of the crudity of the present technique, these
Nov. 1, 1963 (E. Pac.) ... 5.3 53.6 31 | 94 93 1.1 ; i
gov. 1, 1963 (W. pac?)__ 55.3 487 _,,J?Lg 9.4 9% i“ results are most encouraging. To provide at least some
ia%‘."@l};%;m g2 %y A4y 21 129 kind of basis for assessing the possible significance of these
pr- 7,
averaged) 3.0 723 4223 | 142 120 155 :
Average._ .. ... _. 70.4 61.4 +11.6 10.9 10.2 +5.4 2 Since, as was mentioned in section 4, the results of Trials 1 and 2 of the April 7,1964,

case were nearly identical, they were averaged before inclusion in table 1.
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F1eUrRe 6.—Comparison of the verifying stream function  analysis
(1200 Mt April 8, 1964) with the 36-hr. barotropic forecast
based on the NMC analysis. Isopleths are labeled in tens of
meters. Also shown is the corresponding error field (NMC
forecast minus verifying) in meters. Values in boxes show
location and magnitude of maximum errors.

results, we might compare them with some RMS error
reductions achieved when the NMC 3-level model was
tested against the operational barotropic model. Cress-
man [5] presents a comparison of 36-hr., 500-mb. baro-
tropic and 3-level model forecasts made during the period
April 13-June 16, 1962. In Area I, which covers princi-
pally North America, the reduction in wind error was from
14 to 13 kt. (7.1 percent), and in height error from 165 to
149 ft. (9.7 percent). The forecast error reductions
achieved in the SINAP experiments, which ranged from
negligible in some of the cases to the rather large values
shown for the April 1964 case, are not strictly comparable
to those just cited, of course, since the SINAP cases are
mostly a small developmental sample. Only one case
(April 7, 1964, Trial 1) was really an operational evalua-
tion of the method. Future SINAP experiments, there-
fore, should be designed such that the analyst has no
knowledge of either the verifying analysis or the accuracy
of the NMC forecast.

6. SUMMARY AND CONCLUDING REMARKS

During the first year of Project SINAP six case studies
were completed and documented, all reanalyses being
performed in regions of sparse data, namely the Pacific
Ocean. These first attempts to improve the initial
operational analysis by the use of satellite information
have shown positive results. Percentage improvements
in the RMS error of the vector geostrophic wind varied
from 1 percent to 15.5 percent, averaging 5.4 percent.

Statistics alone, however, do not reflect the total
progress made during SINAP’s first year. The catalog of
descriptions and modifications based upon TIROS cloud
photographs has been expanded, and the experience gained
by associating TIROS-viewed cloud patterns with the
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'55°+,'20 1200 GMT APRIL 8, 1964

--------- Forecast Minus Verifying SINAP

F1GURE 7.—Comparison of the verifying stream function ¢ analysis
(1200 emT April 8, 1964) with the 36-hr. barotropic forecast
based on the SINAP reanalysis. Also shown is the error field
(SINAP forecast minus verifying). Values in boxes show lo-
cation and magnitude of maximum errors.

155° 0

+60 145°

Forecast Improvement Chart

1200 GMT APRIL 8, 1964

Figure 8.—Forecast Improvement Chart for forecasts verifying
at 1200 eMmr April 8, 1964. This chart shows the difference in
the absolute error fields (NMC minus SINAP) shown in figure
6. Isopleths are labeled in meters.

corresponding flow patterns at 500 mb. has given the
analysts increased confidence in the appropriateness of
the modifications they make in the analyses.

The number of SINAP cases completed to date is small,
and this is due in large part to the greatly restricted
coverage afforded by the initial TTROS series. This
limitation should be removed with the substantially
expanded coverage designed for the new series beginning
with Nimbus, TTROS IX and the Weather Bureau’s
TIROS Operational Satellite (TOS) series to follow.

Future plans for SINAP include the development of
more systematic and increasingly objective rules for
accomplishing the step from picture to reanalysis. Ex-
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periments are under way to develop ways of making
explicit use of the Laplacian of thickness advection con-
tribution to vertical motion, since this will also be useful
in any modification of SINAP procedures for baroclinic
forecast models. The inclusion of data from the TTROS
and Nimbus radiation experiments in SINAP reanalyses
will also be attempted. Rectified multi-pass, digitized
cloud mosaics to be computer produced with the advent
of TOS operations offer challenging possibilities for de-
veloping various types of satellite data inputs to numerical
analysis routines.

APPENDIX

The following summarizes a recent and unusually clear
interpretation of the so-called ‘‘omega-equation” by
Sanders [11]:

(7+53)-

where pressure is used as the vertical coordinate. In
this expression, & is the geopotential of an isobaric surface;
7 is the absolute vorticity, {+f; f; is a standard value of
the Coriolis parameter; ¢ is a stability parameter (3 In §/0p)
(0®/0p) that is assumed to vary only with pressure;
8 is potential temperature; and w is the vertical motion,
dp/dt. This is a geostrophic formulation, and thus it is
not applicable for the smaller synoptic scales of motion;
furthermore, the effects of diabatic heating are not taken
into acount.

With the application of suitable boundary conditions at
the bottom and top of the atmosphere, the omega-equa-
tion may be given a fairly simple and direct interpretation
in terms of quantities readily obtainable from conventional
meteorological analyses or as by-products of numerical
flow analysis and prediction models in operational use.
The left side of this equation may be viewed as a sort of
three-dimensional Laplacian operator that characterizes
the configuration of the three-dimensional field of vertical
motion. When the argument is restricted to the maximum
point in an area of ascent (negative w), with the meteoro-
logically realistic assumption that this point is surrounded
by a family of more-or-less spherical equivalue w surfaces
(this ensures that both components of the operator have
the same sign), then positive values of the operator tend
to be found throughout the region in the vicinity of the
maximum point. Analogous arguments could be pre-
sented for inferring negative values of the operator in the
region immediately surrounding the maximum point in an
area of descent (positive w). The essence of this equation
is, assuming a fairly simple but realistic geometry for the
vertical motion field, that the total vertical motion can be
interpreted as the sum of two partial fields, one due to the
rate of change of vorticity advection along the vertical and
the other to the horizontal Laplacian of the thickness
advection. In regions where cyclonic vorticity advection

f° V-V )——vZ(v yoe
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increases upward (or anticyclonic vorticity advection
decreases upward), the first term on the right of the equa-
tion contributes to ascent. Where the thickness and flow
patterns indicate a maximum of warm advection, the
second term on the right contributes to ascending motion
also. Conversely, in regions where anticyclonic vorticity
advection increases upward and cold advection attains a
maximum both terms contribute to descending motion.
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